Available information supports the dominance of the proximal intestine in inorganic phosphate (Pi) Pi. This approach allows the analysis of the mechanism and the regulation of Pi absorption under more authentic in vivo conditions. (J. Clin. Invest. 1993. 91:915-922.)
Introduction
In previous studies in rat intestinal segments, we have demonstrated the presence of active inorganic phosphate (Pi) absorption in jejunum even in vitamin D-deficient (-D)' rats ( 1, 2). 1,25-Dihydroxyvitamin D ( 1,25D) repletion in these rats caused the induction of active Pi absorption in the duodenum and marked augmentation of active Pi absorption in the jejunum ( 1-3). Little or no active Pi absorption, in both -D and 1,25D-replete rats, was noted in the ileum ( 1) and the colon (4) . These and similar findings by others (5) have led to the consensus that the bulk of Pi absorption is accomplished in the proximal intestine (6) . However, all ofthese studies were based on measurements in isolated intestinal segments, bathed in or perfused with artificial solutions. The segmental contribution to Pi absorption in a living animal, however, can only be assessed in an intestine in which the natural physiological conditions and regulatory mechanisms are not altered and the forward progression of the meal is not impeded.
Although many studies have evaluated total intestinal Pi absorption in vivo (5, 7) , only three have attempted to resolve this total Pi absorption into components contributed by different intestinal segments. In one study in the rat, the transit rate was measured in one group of animals and the absorptive rate for Pi was measured in ligated intestinal loops in a different group of animals (8) . The failure to measure transit and absorption simultaneously in the same animal and the disruption of the anatomical and physiological continuity of the intestine cast doubt on the observations as truly reflecting in vivo events. In the other two studies in chicks (9) and laying hens ( 10), respectively, absorption was measured at only one time point, and the relationship of this time point to the meal was not clearly defined. These constraints raise difficulties in interpreting the data because Pi absorption in a given segment would be expected to vary with time after the administration of a meal.
In Although there is general agreement on the duodenum as the segment that extends from the pylorus to the ligament of Treitz, there is less consensus on the definition for the jejunum or the ileum. This is because there is not a distinct anatomical site that separates the two segments. In the human, the jejunum is generally defined as the first two-fifths of the intestine past the ligament of Treitz and the ileum as the last three-fifths of the small intestine ( 11 ). In the rat, however, the term "ileum" has been used to refer to only the last 10 cm (as in Ussing studies [ 12] ) to as much as the entire second half of the small intestine past the ligament ofTreitz in whole-animal studies (8) . As a generalization, our proximal segments 1 and 2 would represent the conventionally defined jejunum, and our distal segments 1 and 2, the ileum.
Each segment was perfused with 35 ml of normal saline (0.9% NaCI). The amount of saline perfused was based on a previous report in the literature ( 13) and also on the amount determined in our labora- Placement ofthefeeding tube. To determine the length required for intragastric feeding, three rats were anesthetized and dissected to expose the esophagus and stomach, and feeding tubes were advanced through the mouth into the stomach of each rat (14) . A length of 9 cm was required to position the tip ofthe feeding tube in the stomach ofall three rats. The position of the feeding tube was further confirmed by filling a feeding tube with 1 ml of barium sulfate and advancing the tube 9 cm in a fasted and anesthetized rat. X-ray films were taken before and after injection of 1 ml of barium sulfate. The pictures revealed the tip of the tube was in the fundus and the injected contrast was found only in the stomach. The concentration of Pi used in the present study was based on previous studies conducted in rats (8, 15, 19) and humans (20) . Studies have used concentrations that ranged from 0, i.e., tracer only (8, 15) to 240 mM (20) . In the present study we decided to use a concentration of 83 mM. At Pi absorbed by each segment were estimated using compartmental analysis. The compartmental model shown in Fig. 2 was used for this purpose and represents transit and absorption of Pi assuming first-order kinetics. Fig. 1 summarizes the definitions of the seven intestinal segments, which are represented by the larger boxes in Fig. 2 . The model shown in Fig. 2 constants in distal segments 1 and 2 and cecum/colon reflects this assumption and refers to segment and not compartment numbers. The total number of compartments selected to represent each ofthese three segments was determined by a "goodness of fit" analysis of simulated models (see below). Administration ofthe liquid meal was modeled as a bolus injection into the stomach, compartment 1 in Fig. 2 . The six shaded compartments ( 16 through 21), correspond to output from compartments 2, 3, and 4, the sum ofthe output from compartments 5 through 8, the sum ofthe output from compartments 9 through 13, and the sum of the output from compartments 14 and 15.
Compartment model rate constants were estimated using the nonlinear, ordinary least squares estimation capabilities of the ADAPT II pharmacokinetic modeling package (21 ) . To estimate all the rate constants of the model shown in Fig. 2 , the following two-step procedure was used. First, the compartment model was used to estimate seven PEG transit rate constants (k21, k32, k43, k54, k65, Ik76, Ik87), assuming no PEG absorption (i.e., ko2 = ko3 = ko4 = k05 = ko6 = ko7 = 0.0). Next the Pi data were used to estimate the six absorption rate constants, with the transit rate constants fixed at their least squares estimates obtained from the PEG data. This is based on the assumption that Pi and PEG transit through the gastrointestinal tract at the same rate. Based on the movement of the markers observed in this study, this assumption appeared valid (see results). Approximate values for the standard deviations of all rate constant estimates were also obtained (see Landow and DiStephano [ 22 ] ). In order to arrive at the model shown in Fig. 2 , the above two-step estimation procedure was implemented using candidate models with different numbers of compartments to represent distal segments 1 and 2 and cecum/colon. Adding more compartments than shown in Fig. 2 
Results
Recovery ofPi and PEG. Total recovery of PEG was 89±6%. Recovery of Pi was 90% at 2 min and then progressively decreased with time due to absorption.
Intestinal transit ofPEG and P,. The movement of PEG through the intestine over time is shown in Fig. 3 . At 20 min -80% of the recovered PEG was at or beyond proximal segment 2 and by 2 h virtually all of the recovered PEG had reached distal segment 2. An identical transit pattern was observed for Pi (not shown), suggesting that the two solutes advanced through the gastrointestinal tract at the same rate.
The least squares estimates for the transit rate constants obtained by fitting the compartment model (Fig. 2) to the collected PEG data are listed in Table I . The standard deviation obtained for k87 was > 10 times higher than the estimate and therefore was not included in the analysis. The PEG activities predicted by this fitted model are shown in Fig. 3 along with the measured data (shown as mean±SD) for each of the seven measured segments (all of the data were used in the parameter estimation). The correlation coefficient (r) for the seven segments, stomach, duodenum, proximal segment 1, proximal segment 2, distal segment 1, distal segment 2, and cecum/colon, are 0.99, 0.81, 0.87, 0.80, 0.82, 0.93, and 0.98, respectively. The estimates of the MRT for PEG in each segment are as follows: stomach, 5.6+0.03 min; duodenum, 2.7+0.3 min; proximal segment 1, 5.8+0.5 min; proximal segment 2, 29.8±2.6 min; distal segment 1, 51.1±3.5 min; distal segment 2, 106.4±11.7 min. These results indicate that transit through the stomach, duodenum, and proximal segment 1 are comparable, whereas there is a progressive reduction in the rates of transit through the more distal segments.
Pi absorption. Absorption of Pi from the liquid meal over time is shown in Fig. 4 . About 40% ofthe Pi fed was absorbed in the first 30 min and 9 1% was absorbed by 2 h. Table II gives the least squares estimates for the absorption rate constants along with their standard deviations for each intestinal segment. The standard deviation for the estimate of ko7 was > 10 times higher than the estimated value suggesting the absence of absorption in cecum/colon in this study. Inspection of these curves indicates that the maximal rate of Pi absorption is substantially higher in the duodenum than in any other segment. for the observed data are shown. The solid line shows the percentage PEG over time that is predicted from the estimated transit rate constants in the compartmental model. Estimation of the transit rate constants is described in Table I . A total of 272 observations were used.
moving food bolus through an untampered gastrointestinal tract (8) (9) (10) . A more rigorous study design was used by Marcus and Lengemann in analyzing segmental calcium absorption in vivo ( 16, 23) . Animals fed either a liquid or a solid diet containing 47Ca and a nonabsorbable isotopic marker, 91Y were killed in incremental time intervals after feeding. Based on the recovery of these isotopes in consecutive intestinal segments, a 47Ca curve and a 9lY curve were generated for each segment defining the amount of each isotope remaining in the segment over time. The area under the curve (AUC) for 47Ca was then subtracted from the AUC for 91Y for each segment and this difference in AUC was taken to represent the Ca absorption which had occurred up to a given segment. Based on such calculations, they concluded that the bulk of in vivo Ca absorption occurred in ileum. 91Y and 4'Ca, however, did not move through the gastrointestinal tract at the same rate ( 16, 23) . In addition, Fig. 7 attempts to examine the validity of equating the difference in AUCs to the absorption of Ca. Schematized 47Ca and 9'Y curves are depicted in a proximal segment with a percent PEG in each segment was determined for for k2I, k32, k43, k54, k65, and k76 were obtained by fi mental model ( Fig. 1) with the absorption rate cot the PEG data using the nonlinear least squares esti contained in ADAPT 11 (21) . The associated cov also calculated to determine the SD for each tran See Fig. 2 The absorption rate constants ko2, kO, kO4, 1(5, k06, and 1(7 were estimated by fitting the compartmental model (Fig. 2) to the Pi data using the nonlinear least squares estimation procedure contained in ADAPT 11 (21) . The transit rate constants were set at values obtained in Table I . The associated covariance matrix was also calculated to determine the SDs for each absorption rate constant. See Fig. 2 for definitions of parameters.
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ption in the more
The compartment model developed from the experimental early greater than data assumes that the fluxes of 32P and [ 'C I PEG are governed on difference in by first-order kinetics, are in the directions indicated by the absorption to the arrows in Fig. 2 , and that the distribution of 32P and [ 14C] PEG within each compartment is homogeneous. Because PEG is not absorbed, it is a reasonable approximation to consider its fluxes are governed by first-order kinetics. For Pi, given the level fed (83 mM), the passive process is dominant and can be described by first-order kinetics (7). Cramer (8) has previously demonstrated negligible secretion into the gastrointestinal tract of administered 32P 6 h after the dose. His study, therefore, indicates that the second assumption is valid. In order to account for the significant delays occurring in distal segments 1 and 2, and cecum/colon, each of these segments was modeled by a series of identical compartments (with the same transit and absorption rate constants). This approach satisfies the third assumption and seems reasonable in that we are only interested in the overall transit and absorption properties of these segments, and not in the kinetic inhomogeneities that 300 360 may exist along the length ofeach ofthe segments. Given these assumptions, the model allows for the estimation in each segfei cd-ment of the mean residence time of the meal, the rate of Pi
[gue-Dawley rats absorption, and percent Pi absorbed (Tables I-III (Fig. 4) .
Pi absorption rate constant was highest in the duodenum, which exhibited a value 50 times greater than the lowest rate constant measured in distal segment I (Table II) . Fig. 6 , however, also illustrates that while the duodenum has the highest maximal rate of absorption, the rapid movement of the meal through this segment quickly lowered absorption to zero and limited total Pi absorption in the duodenum to only 34% ofthe dose (Table III) . In contrast, distal segment 2 (terminal ileum), despite having a much lower absorption rate constant (Table II) , continued absorbing Pi over a substantially longer period of time (Fig. 6 ) due to the slower movement of the liquid meal (Table I ). The result was that distal segment 2 ended up absorbing as much Pi (33% , Table III) as the duodenum. The remaining one-third of the absorbed Pi was accomplished in the intervening small intestine with proximal segment 2 playing the major role (20% , Table II tribution to total Pi absorption was fairly evenly distributed between duodenum (35%), jejunum (25%, proximal segments 1 and 2), and ileum (40%, distal segments 1 and 2). These observations highlight the limitations of studies using isolated intestinal segments in predicting the physiology of Pi absorption in an untampered intestinal tract. Our results suggest that in the intact intestine, the distal small intestine which is poorly adapted for Pi absorption when studied in isolation (7), absorbs as much Pi as the more proximal segments endowed with highly efficient Pi absorptive mechanism(s).
The longer mean residence time in the distal small intestine which translates into longer contact time for absorption is an important factor. In addition, it is possible that local luminal factors may increase the availability of Pi for absorption and/ or activate additional transport mechanisms for Pi absorption, e.g., the presence of bile salts in the distal intestine in vivo can increase Pi transport through the intercellular pathway (27) .
It should be pointed out that despite the differences in methodology used, our data are surprisingly similar to those of Cramer (8) . Cramer reported that 38% of the Pi administered was absorbed in the ileum which he defined as the distal 42 cm. In our study the ileum (distal segments 1 and 2) representing the distal 40-45 cm absorbed 40% of the Pi dose. In addition, Cramer's data also indicated substantial absorption in the proximal small intestine. The first 12 cm distal to the pylorus (equivalent to our duodenum) accounted for 29% and the middle 42 cm (proximal segments 1 and 2 in our study) accounted for 25% of total Pi absorption.
In conclusion, we have demonstrated that the technique of compartmental modeling can be used to analyze and integrate segmental absorptive events of Pi from a spontaneously propelled liquid meal along the intact intestinal tract of normal conscious rats. This opens up the exciting opportunity of reexamining many of the important mechanistic and regulatory mechanisms, established (virtually without exception) from experimental models that have been anatomically or physiologically altered. In our model, animals were anesthetized not to obtain postmortem events, but to obtain "snap-shot" information on premortem events, generated under completely untampered conditions. This new technique is also potentially applicable to the in vivo analysis of segmental absorption of other nutrients.
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